However, Prasad, one of the foremost authorities on antioxidants and cancer, and other researchers have raised concerns about using low-dose antioxidants with chemotherapy and radiation. 2, 8 Prasad's in vitro and in vivo animal work and data from human studies demonstrate that, like normal cells, cancer cells require a certain amount of micronutrients for growth and survival. Low-dose, recommended daily intake (RDI) levels of supplemental antioxidants may support the growth of cancer cells while higher doses at multiples of at least 10 times these levels produce a tumor-killing action alone and in synergy with chemotherapy and radiation. Prasad has also shown that highdose antioxidants work synergistically to decrease chemotherapyand radiation-induced toxicity. 2 A proposed rationale for this approach is that normal cells have intact membranes that control the amount of antioxidants going into cells tightly. This explains, in part, why high-dose antioxidants do not kill normal healthy cells but rather protect them against the deleterious effects of chemotherapy and radiation. Cancer cells, however, have leaky membranes, allowing large amounts of antioxidants to flood into cells at doses that are lethal to cancers. 7, 10, 11 Cancer cells, in particular, are susceptible to high-dose ascorbate-induced peroxidation products (such as hydrogen peroxide) because of these cells' deficiencies in the antioxidant enzymes catalase and superoxide dismutase. Vitamin C accumulates in solid tumors at levels higher than those in surrounding normal tissue. 10, 11 This article reviews the rationale, safety, and efficacy of high-dose intravenous (IV) vitamin C as a natural chemotherapeutic agent.
Overview of Vitamin C
Vitamin C (ascorbic acid) is most commonly known as an antioxidant. It regenerates vitamins E and A and prevents their oxidation. It prevents and blocks free-radical-induced damage that contributes to aging and to an entire spectrum of degenerative diseases, including certain types of cancer and cardiovascular disorders. Experimentally, both topical and oral use of vitamin C has been shown to protect the skin from free-radical damage induced by sunburn. Vitamin C plays a
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A Natural Agent for Treating Cancer role in immunity. The vitamin can stimulate the production of lymphocytes. Vitamin C also increases the motility of phagocytes and is required by the thymus gland to produce its immune complexes.
The adrenal gland uses vitamin C to synthesize adrenal hormones. It supports collagen and hyaluronic acid production and plays a role in carnitine synthesis. The vitamin also supports detoxification of numerous xenobiotics in the liver and blocks the formation of nitrosamine from sodium nitrite.
The RDI for vitamin C is 60 mg. However, human studies that examined many of the therapeutic and preventive roles of vitamin C supplementation used levels approximately 10 to many hundreds of times this dose without any serious adverse effects reported. Diarrhea appears to be the major reported side-effect with oral ingestion in the g dosage. To avoid this, patients are often given amounts of vitamin C to "bowel tolerance." That is, they are given an amount up until the point that diarrhea or loose stools are induced and then the amount is cut back until bowel movements are normalized.
In my own personal clinical experience (more than 20 years) and in the experience of other colleagues, it appears that bowel tolerance goes up when one is ill and goes down as health improves. I have found that 2000-5000 mg of vitamin C are tolerated by most people. Many clinicians and scientists consider the RDI an amount that is solely based on preventing scurvy. The science behind this recommendation is sorely lacking. Indeed, 60 mg of vitamin C is not an amount that would ensure any level of health beyond preventing scurvy. 12
Vitamin C Pharmacokinetics
There have been claims that, when vitamin C is ingested orally, one can achieve the same plasma levels associated with IV use. A study was conducted with 17 inpatients, using a depletion-repletion study design. 13 Subjects were hospitalized for 3-6 months and consumed a vitamin C-deficient diet until their plasma concentrations were less than 8 micromoles/L without any signs of scurvy.
Vitamin C plasma and urine concentrations were measured after administration of oral and intravenous doses of the vitamin at a dose range of 0.015-1.25 g, and plasma concentrations were calculated for a dose range of 1-100 g. Peak plasma vitamin C concentrations were higher after administration of IV doses than after administration of oral doses (P < 0.001), and the difference increased according to dose.
Vitamin C, given orally at a dose of 1.25 g, produced mean (± standard deviation) peak plasma concentrations of 134.8 ± 20.6 micromols/L compared to 885 ± 201.2 micromols/L with IV administration. For the maximum tolerated oral dose of 3 g, every 4 hours, pharmacokinetic modeling predicted peak plasma vitamin C concentrations of 220 micromols/L and 13,400 micro-mols/L for a 50-g IV dose. Peak predicted urine concentrations of vitamin C from IV administration were 140-fold higher than those from maximum oral doses.
Oral vitamin C produces plasma concentrations that are tightly controlled. Only IV administration of vitamin C produces high plasma and urine concentrations that may have antitumor activity. In this study, peak plasma vitamin C concentrations plateaued with increasing oral doses. However, peak plasma vitamin C concentrations increased with increasing IV doses. IV administration of vitamin C can result in plasma concentrations that are 70-fold higher than any concentrations achieved with oral doses.
Cytotoxicity of Vitamin C
Prior work has shown that vitamin C can produce cytotoxic levels of hydrogen peroxide at sufficient concentrations. As previously mentioned, tumor cells have leaky membranes that allow vitamin C to flood into cells 7 and cancer cells are generally catalase-and superoxide-dismutase-deficient, making them more sensitive to the killing effect of hydrogen peroxide. 11 Vitamin C has enhanced the antitumor activity of doxorubicin, cisplatin, and paclitaxel in human breast-cancer cells in culture. Vitamin C also increased drug accumulation and reversed vincristine resistance of human non-small-cell lung carcinoma cells. 2 Pretreatment with antioxidants, such as vitamin C, beta-carotene, alpha-tocopherol succinate, and retinoic acid significantly enhanced the growth inhibitory effects of cisplatin, dacarbazine, tamoxifen, and several other anticancer agents on human melanoma and parotid carcinoma cells. 8 Experiments with rodents demonstrated that vitamin C increases host survival times and inhibits tumor growth. Studies using high dose oral vitamin C along with other antioxidants adjuvantly with chemotherapy and radiation have shown decreased toxicity and increased tumor response, improved quality of life, and improved survival time. 2, [7] [8] [9] [10] [11] 13 Intravenous Vitamin C as a Chemotherapeutic Agent Riordan , who recently passed away, was a pioneer in IV vitamin C therapy. As a well-respected, published researcher and clinician, he coauthored several papers on the IV vitamin C protocol, application, use, pharmacokinetics, and cytotoxicity, as well as case studies. 10, 11, 13 In his more than 21 years of experience in using IV vitamin C in patients with cancer, he found that the best responses were obtained when maintaining a continuous high-plasma ascorbate level.
For these studies, patients were started on doses of 15-g infusions once or twice per week. It was observed that this dose improved patients' sense of well-being, reduced pain, and, in many cases, improved survival times beyond predictions of oncologists.
Metastatic lesions in the lung
and liver of a man with primary renal-cell carcinoma disappeared in a matter of weeks.
For a later case study, Riordan and his colleagues used 30 g of vitamin C, twice per week, and found that metastatic lesions in the lung and liver of a man with primary renal-cell carcinoma disappeared in a matter of weeks. Resolution of bone metastasis with primary breast cancer was reported using infusions of 100 g once or twice per week.
Samples of human serum from patients who received intravenous ascorbic acid (IAA) confirmed that vitamin C concentrations in vivo can reach levels that are cytotoxic to tumor cells in vitro. In a tumormodel study, it was found that ascorbic acid plasma concentrations of 400 mg/dL kills tumor cells effectively. This concentration in plasma can only be achieved with IAA administration. 10, 11 
Additional Clinical Evidence
Ovarian cancer is one of the most lethal of all gynecologic cancers, accounting for more deaths than cervical and uterine cancers combined. Women with advanced-stage disease have dismal 5-year survival rates despite the use of new chemotherapeutic agents.
Drisko and colleagues published two excellent case studies of patients with late-stage ovarian cancer who responded remarkably to IAA. 14 This research was sponsored by the Cancer Treatment Research Foundation. Because of the positive results in the two case reports on ovarian cancer, a randomized controlled trial is now underway at the University of Kansas Medical Center to evaluate the safety and efficacy of antioxidants further when they are added to chemotherapy in patients newly diagnosed with cancer.
Two (2) patients with advanced epithelial ovarian cancer were studied. Drisko confirmed that the patients were given natural rather than synthetic supplements of vitamin E and beta-carotene (personal communication). Patient 1 had stage IIIC papillary serous adenocarcinoma and, after surgery, she received carboplatinum/paclitaxel therapy for 6 cycles. After her first cycle of chemotherapy, her CA-125 went to < 35 and her computed tomography (CT) scan was negative.
Consolidation paclitaxel therapy was given for 6/12 cycles. Prior to starting initial chemotherapy, she received the following oral supplements: 1200 international units (IU) of vitamin E; 300 mg of coenzyme Q10; 900 mg of vitamin C; 25,000 IU of betacarotene; and 1000 IU of vitamin A daily.
Prior to receiving the paclitaxel, patient 1 received 60 g IAA twice weekly. Her dose was tailored from a starting dose of 15 g to achieve a pre-and postinfusion vitamin C concentration of 200 mg/dL. Patient 1 also received IAA twice weekly during consolidation therapy after which she continued it once per week. After 1 year, she received IAA every 10-14 days. Her CA-125 remains normal and there is no evidence of disease after more than 3 years from diagnosis as confirmed by several CT scans, a positron emission tomography scan, and a normal CA-125 value of 8.8.
Patient 2 was diagnosed with stage IIIC mixed papillary serous and seromucinous adenocarcinoma. She experienced a delay in initiation of chemotherapy because she had comorbid conditions and evidence of progression of disease after surgery. Three (3) months after surgery this patient received 6 cycles of carboplatinum/paclitaxel therapy. She started the oral antioxidant regimen prior to receiving chemotherapy. Her CA-125 normalized but she still had evidence of disease in her pelvis. The patient refused consolidation therapy and, instead, opted for continuation of the oral antioxidants and initiation of IAA. Like patient 1, patient 2 started with 15-g IAA and this was increased to 60 g per infusion. The dose was adjusted to achieve a pre and post vitamin C infusion concentration of 200 mg/dL. Patient 2 had daily 60-g IAA for 1 week and then graduated to IAA twice each week. She continues to receive these infusions 36 months postdiagnosis. Although this patient declined diagnostic imaging her physical examination has showed that her condition is normal and her CA-125 is 5. There appears to be no evidence of disease 3 years postdiagnosis.
These case studies were published in 2003 and these patients remain well today. Anecdotally, Drisko and her colleagues are seeing benefits when high-dose IAA is added to chemotherapy for treating cancer (personal communication). Drisko said: "It does not appear that high-dose antioxidants interfere with the effectiveness of chemotherapy when they are combined."
Performing IAA
It is important to conduct a full hematologic profile, a SMAC-20 profile, and a glucose 6-phosphate dehydrogenase (G6PD) test. 10 It has been reported that high-dose IAA is contraindicated in patients with renal insufficiency, who are on chronic hemodialysis, those who have unusual forms of iron overload, and those who are oxalate stone formers.
Two reports showed that 300 mg per day of oral magnesium oxide and 10 mg per day of vitamin B 6 inhibit oxalate stone formation in recurrent stone formers and can be given to prevent stones in these patients. Measuring G6PD deficiency is important because a rare hemolysis can occur in these patients as a result of increased formation of hydrogen peroxide.
Patients with large tumor loads should be carefully monitored for tumor lysis and appropriate medical management should be used if there is septic shock. However, this is a rare occurrence with IAA. To avoid localized pain from an infusion, the infusion rate should not exceed 1 g of ascorbic acid per minute and 0.9 percent NaCl should not be used. 10 Dextrose should never be used as a carrier solution because glucose may stimulate tumor growth by enhancing glycolysis.
In addition, because glucose and vitamin C are similar in structure, they can potentially compete for entrance into tumor "It does not appear that high-dose antioxidants interfere with the effectiveness of chemotherapy when they are combined." cells. Infusions of up to 25 g of vitamin C are best tolerated in Ringer's lactate. Higher amounts can be mixed in Ringer's lactate or sterile water. I and other colleagues have found that, for IAA, Ringer's lactate appears to be the best-tolerated carrier solution. An IV fluid osmolality of less than 1200 mOsm will be tolerated well by most patients. 10 An equal volume of IV solution should be removed from the IV bag prior to adding the concentrated vitamin C solution (500 mg/mL). Most practitioners I know use a concentration of vitamin C based on their clinical experience. It is known that a concentration that is too high and/or an infusion that is too fast can cause sclerosis in the infused vein. Some practitioners I have spoken with say that they can do an IV push safely with as much as 10 g of vitamin C. However, most practitioners do not recommend doing this. A similar amount of sterile water c a n b e u s e d i f p r e f e r r e d . T h e amounts shown in Table 1 are for approximation purposes only. For example, there are many patients who can tolerate 60 g in 500 mL of Ringer's lactate. The most important point is to start patients with a lower dose of vitamin C (10-15 g) and build up over time and assess tolerance to adjust the fluid volume and osmolality.
The infusion rate should also be adjusted to patients' tolerance. It appears that achieving a transient plasma level of 400 mg/dL is possible with 50 g or higher IAA. The goal of the infusion is to raise plasma ascorbic acid concentrations for as long as possible. 10 Sicker patients may require amounts higher than 50-60 g of vitamin C to achieve these concentrations. However, if a patient is also taking 300 mg of lipoic acid b.i.d., transient plasma vitamin C concentrations can be as equally therapeutic as 200 mg/dL. Riordan, his colleagues, and other professionals recommended that IAA be given 2-3 times per week, for at least 1 year, after which a maintenance dose can be used, such as 60 g IAA, 2 times per month. Patients should take at least 5 g of vitamin C orally on noninfusion days.
Discussion
Patients with cancer are generally given standard treatment options despite the known lack of success. Discussing survival for a limit of 5 years is a very disheartening conversation for patients to have with any professional. In the conventional setting patients are still discouraged from taking high-dose antioxidants along with chemotherapy and radiation. This is what occurs despite the fact that there is an abundance of research showing that antioxidants work synergistically with these treatments and, even more importantly, can be used to prevent and treat most of the side-effects of these therapies.
Many oncologists recommend lower levels of antioxidant supplementation, which causes great concern. Low levels of antioxidants may help protect cancer cells rather than help destroy t h e m . A p a t i e n t g e t t i n g a n t i o x i d a n t s f r o m f o o d s , however, is taking in many antioxid a n t s a t t h e s a m e t i m e ( e . g . , polyphenols, lignans, phytochemicals, β-carotene) not merely vitamin C. There would be synergy among these antioxidants ingested. So, a patient would actually be taking in higher levels of particular phytochemicals (e.g., quercetin from apples or onions), some of which are many times more potent than vitamin C. A typical American diet is very low in antioxidants and would promote cancer. Adding just a low-potency RDI antioxidant supplement in this case, rather than instituting a dietary change, is really the issue of concern.
Conclusions Cancer cells are very susceptible to high-dose antioxidants, in particular, vitamin C, because these cells have leaky membranes that allow high concentrations of ascorbic acid to flood into these cells. In addition, tumor cells are generally catalase-and superoxide-dismutase-deficient, making them more sensitive to the killing effect of hydrogen peroxide. The case studies presented in this paper offer compelling and supportive evidence that IAA may be a safe and effective chemotherapeutic agent.
It has been estimated that more than 80 percent of patients with cancer do not abandon conventional therapy but continue to use their conventional treatments along with alternative therapies. 14 Using IAA along with chemotherapy and/or radiation therapy may be the best possible integrative treatment that can finally bring both the alternative and conventional camps together, making it a potential win-win situation for patients.
■ ■ Table 1 . Solutions for IV Vitamin C Ascorbic Acid (g) Ringer's lactate (cc) a 10-15 250 30 500 60 750 75 and up 1000 a A similar amount of sterile water can be used.
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